Spontaneous ferromagnetic spin ordering at the surface of La2Cu04 
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Magnetic properties of high purity stoichiometric La2Cu04 nanoparticles are systematically in- 
vestigated as a function of particle size. Ferromagnetic single-domain spin clusters are shown to 
spontaneously form at the surface of fine grains as well as paramagnetic defects. Hysteresis loops 
and thermomagnetic irreversibility are observed in a wide temperature range 5 — 350 K with the 
remnant moment and coercivity gradually decreasing with increasing temperature. Possible origins 
of the spontaneous surface ferromagnetic clusters and the relation of our data to the appearance of 
unusual magnetic phenomena and phase separation of doped cuprates are discussed. 

PACS numbers: 75.70.Rf, 75.50.Tt, 75.50.Ee, 74.25.Ha 



I. INTRODUCTION 

High-temperature superconductors (HTSC) have been 
investigated for more than twenty years but still new im- 
portant details of their physical structure and proper- 
ties are being discovered. Moreover, in spite of the clear 
progress achieved in the clarification of the phase diagram 
of cuprates, the spin dynamics in relation to supercon- 
ductivity in these compounds remains unclear. 

One of the things which is no doubt of crucial impor- 
tance in undoped and lightly doped cuprates is mag- 
netism and magnetic (exchange) interactions. This is 
clear from the simple observation that the magnetic 
order in La2Cu04 is strongly influenced by the non- 
stoichiometry or chemical doping needed for the super- 
conductivity to arise (see e.g. RefHt). Thus, the parent 
La2Cu04 has the Neel temperature T/v = 325 K. For 
La2_a;Sr2;Cu04 T/v decreases sharply with the increase 
of Sr doping. In the case of La2Cu04+y the situation 
is even more peculiar. The compound within the so- 
called miscibility gap (1% - 6% of excess oxygen) tends 
to phase separate into the superconducting (below ^ 40 
K) oxygen-rich and nearly-stoichiometric oxygen-poor re- 
gions. The sample is found to be macroscopically inho- 
mogeneous, and the Neel temperature for the oxygen- 
poor phase is « 260 K being the characteristic one in 
the shown above rather wide range of the excess oxygen 
concentrations. It looks clear that in the case of Sr-doped 
La2Cu04 the local inhomogeneity due to impurity disor- 
der and structural twinning is also the intrinsic property 
of the material. 

The unusual magnetic properties of the fine grains and 
nanoparticles of the antiferromagnetic (AF) in the bulk 
transition metal oxides were predicted by Neel^ to arise 
from the uncompensated magnetic moments of the same 
sublattice found at the grain surface. Such magnetism 
was really observed and attracted the attention of the 
researchers due to possible its practical use. During the 
last decades the results on NiO^iii^i^ii, MnO^, CraOgi, 
CoOiJ^iii, Fe20j4, CuOi^ and iervith^^^ have been 



published. Large magnetic moments were found and phe- 
nomena peculiar, especially for antiferromagnets were ob- 
served, such as superparamagnetism and exchange bias. 

In this paper we present the results of the detailed 
magnetic studies of stoichiometric La2Cu04 fine grains. 
The compound has a layered perovskite crystal structure 
and its magnetic structure is more complicated than the 
structures of binary transition metal oxides. It is almost 
ideal 2D Heisenberg antiferromagnet with the strong su- 
perexchange in the Cu02 planes. Spin canting due to 
Dzyaloshinskii-Moriya interaction below the structural 
phase transition at ~ 530 K produces a non-zero out- 
of-plane magnetic moment for each Cu02 plane. These 
moments order antiferromagnetically at T^r = 325 K. 
The interaction of the moments with an applied mag- 
netic field can overcome the interplane exchange interac- 
tion and lead to the so-called weak ferromagnetism**'. 

We have found an unusual relatively strong nonlinear 
component in its magnetization as a function of applied 
field characteristic of anisotropic ferromagnetic single- 
domain particles. It is shown that this magnetism arises 
from the surface of the material, but is not due to un- 
compensated surface moments proposed by Neel. Grain 
boundaries are known as one of the limiting factors for 
practical applications of HTSC materials and the sur- 
face phenomenon described here may be important from 
this point of view. Some of the hysteretic behavior of 
the magnetization reported for cuprates in a number 
of works^^'^^'^-i^iSiiS^ niay be of similar origin to that 
which we observe. 



II. EXPERIMENTAL PROCEDURE 

The polycrystalline samples of La2Cu04 were prepared 
by a solid-state reaction using La203 and CuO of a min- 
imum purity of 99.99%. The respective amounts of the 
starting reagents were mixed and then calcinated at 950- 
1150°C for 80 hours in air, with several intermediate 
grindings. Phase purity of the sample was checked with 



1 -| 1 1 1 1 ■ 1 1 1 1 1 1 1 1 r 




-3- 



'^O 50 100 150 200 250 300 350 400 
T(K) 

FIG. 1: Temperature dependence of the magnetization of the 
as-grown (a) and annealed in argon (b) La2Cu04 policrys- 
talline samples before grinding, Hmeas ~ 1000 Oe. 



X-ray diffractometer (SIEMENS D500). 

The as-grown samples were found to be slightly 
oxygen-enriched having T/v ~ 260 K and containing a 
very small amount of superconducting inclusions with 
Tc « 30 K and Meissner phase volume fraction of about 

4 • 10^*. After annealing at 600°C for 2 hours in a flow 
of pure Ar (~ 99.999%) the sample had Tn = 325 K and 
no detectable diamagnetic inclusions. In Figll]the tem- 
perature dependence of the magnetization of the sample 
before and after the annealing in the measuring field of 
1000 Oe is shown. 

In order to obtain a series of samples with different av- 
erage grain size, the annealed compound was ground for 8 
hours in an agate mortar in dry high-purity isopropanol. 
The ground samples were dispersed by ultrasound and 
the grains of different sizes were extracted by means of 
successive sedimentation and further characterized with 
scanning electron (SEM) and atomic force (AFM) mi- 
croscopes. Obtained grain size histograms were well de- 
scribed with the log-normal distribution. The samples 
had the grain size mean values of 0.22, 0.68, 1.53 and 4.1 
/im and the masses were 22, 36, 64 and 35 mg, respec- 
tively. The SEM image of the 0.68 /im sample is shown 
in Figl21 X-ray diffraction patterns have shown that all 
the samples in the series are crystalline and single-phase. 
It is worth noting here that La2Cu04 compound is sta- 
ble in air and in water (unlike other cuprates such as 
YBasCuaOe+y or SraCuOa^s.) 

The magnetic measurements were performed with a 
commercial Quantum Design MPMS-5 superconduct- 
ing quantum interference device (SQUID) magnetome- 
ter. The samples were put into the gelatin capsules and 
mounted in a polypropylene drinking straw. In order 
to avoid the distortion of the M{H) curves due to the 
observed memory effects, the "no overshoot" mode for 
target field approach was used. Scan length was 4 cm 
with 24 points per scan. At each point the average over 

5 measurements was taken as a result. The characteristic 
measurement time is ~ 10^ s. 
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FIG. 2: SEM image of the La2Cu04 sample with the average 
grain size of 0.68 pm. 



III. EXPERIMENTAL RESULTS 

The magnetization curves of the sample with the aver- 
age grain size of (d) « 1.53 /im for different temperatures 
are shown in FiglH In FigH] the observed at T = 200 
K curves for different samples are shown. It is clearly 
seen that these dependencies consist of two main con- 
tributions: a nonlinear ferromagnetic one, saturating at 
H ^ 4000 Oe, and a linear one. The magnetization 
curves can be described thus as 

M{H) = xH + Mni{H). (1) 

The nonlinear component Mni{H) at all the tempera- 
tures can be reasonably well described by the Brillouin 
(Langevin) function used for the paramagnetic (super- 
paramagnetic) objects. The fit with the Brillouin func- 
tion describing Mni{H) (Fig. [31) gives the temperature- 
dependent cluster spin values: 11000 ± 500, 5000 ± 300, 
2000 ± 200 and 300 ± 20 at 350 K, 200 K, 100 K and 20 K, 
respectively. The M{H) dependencies for all the samples 
were found to be the same, differing only in magnitude 
of the linear and the nonlinear terms. The total spin val- 
ues characterizing the nonlinear component within the fit 
error did not reveal any grain size dependence. 

In Fig. [5] the nonlinear magnetization component 
AIni (H) obtained by the subtraction of the linear term is 
shown for a set of temperature values. This plot indicates 
that we are not dealing with the usual superparamag- 
netic behavior, otherwise the initial slope of these curves 
should depend on T. 

In the inset of Figl^lthe temperature dependence of the 
saturated magnetic moment is shown. In the tempera- 
ture range 20 — 350 K it has a nearly linear character. 

In order to determine if the unusual magnetism of our 
samples comes from the bulk or the surface, a grain size 
dependence of the magnetization have been studied. In 
FigjS] these data for the nonlinear magnetization compo- 
nent at several temperatures are presented. It is charac- 
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FIG. 3: Temperature variation of the magnetization curve of 
the 1.53 fim La2Cu04 sample. The lines are the fits with 
EqlU 
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FIG. 5: Temperature variation of the nonlinear magnetization 
component of 1.53 /im La2Cu04 sample. In the inset the 
temperature dependence of the nonlinear saturated magnetic 
moment is shown. 
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FIG. 4: Magnetization curves of La2Cu04 fine particle sam- 
ples for different average grain sizes, T = 200 K. The lines are 
the guides for an eye. 



FIG. 6: Grain size dependence of the saturated nonlinear 
magnetization component moment. 



terized by the saturated magnetic moment Ms. 

The magnetic susceptibility describing the linear mag- 
netization component is found to be significantly greater 
than the susceptibility of bulk stoichiometric La2Cu04^''. 
Grain size dependence of the excess susceptibility with re- 
spect to the bulk La2Cu04 Xe = X ~ Xb sti T — 20 K is 
shown in FigjT] (this term is strongly pronounced at low 
temperatures). The values of xb for the bulk material 
were taken from the data of Lavrov et ali^ as the orien- 
tational averages xb — {Xa + Xb + Xc)/3 (e.g. at T = 20 
K xs = 1-81 • 10-^ emu/(g • Oe)). 

The clear linear dependences of both Ms and Xe on 
which is the surface to volume ratio, allow us 
to assign unambiguously both components of M{H) to 
the grain surface. The Curie-like l/T dependence of Xe 
shown in the inset of Fig|7] reveals a paramagnetic char- 
acter of this linear magnetization term. 

To investigate the origin of the different components, 
we annealed the 0.68 fim sample after the grinding pro- 



cedure in the same way (2 h at 600°C in the flow of Ar) 
as it was annealed initially. It had led to almost total, 
more than 80%, removal of the excess Curie-like compo- 
nent. The nonlinear ferromagnetic component was re- 
duced much less, only by ^ 30%, indicating that unlike 
the linear Curie-like term the latter is rather stable with 
respect to annealing. 

The explanation of the Curie-like magnetization com- 
ponent now looks more straightforward. It most prob- 
ably originates from the surface Cu^+ paramagnetic 
defects that have been observed in EPR spectra of 
La2Cu04+j, fine powders and ceramics and described by 
Wiibbeler et a&^. So, in the remainder of the paper we 
will be mainly interested in the properties of the nonlin- 
ear magnetization component. 

The measured zero-field cooled (ZFC) and field cooled 
(FC) in the field of 10 kOe M(T) dependencies are shown 
in FigO Thermomagnetic irreversibility is found in the 
whole measured temperature range 5 — 300 K and no 
characteristic spike corresponding to the blocking tern- 
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FIG. 7: Grain size dependence of the excess in respect to the 
bulk value susceptibility Xe describing the linear magnetiza- 
tion component. In the inset the temperature dependence of 
Xe is shown for 0.22 /im La2Cu04 sample. 
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FIG. 8: Temperature dependencies of magnetization of zero- 
field cooled (ZFC) and field-cooled (FC) in the field of 10 kOe 
for 0.22 fim La2Cu04 sample. 



perature is found neither in FC nor in ZFC curves. 

Hysteresis loops are observed at all temperatures up 
to 350 K (Fig[9]). This hysteresis obviously corresponds 
to the nonlinear magnetization term. At T = 100 K the 
loop is open up to 2000 Oe. With increasing temperature 
the hysteresis loop closes in gradually decreasing field. 
This is demonstrated also by the smoothly decreasing 
difference between FC and ZFC curves in FigEl 

The hysteresis loop is symmetric either for FC or for 
ZFC samples at any temperature. This means that no 
detectable exchange bias arising usually at the boundary 
of fcrromagnetically and antiferromagnetically ordered 
phases takes place. 

The remnant magnetization relaxes rather slowly. The 
magnetization decay is shown in Fig[TOl The decay is 
described well by the equation M{t) = Mo(l — Slnt), 
where Mq is the initial magnetization after the removal of 
the applied magnetic field and S is the magnetic viscosity. 

A puzzling fact at the first sight is that no character- 
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FIG. 9: Magnetization hysteresis loop and its temperature 
variation for 0.22 /im La2Cu04 sample. 




FIG. 10: Decay of the remnant magnetization moment of the 
0.22 fim sample at T = 30 K. 



istic spike in the M{T) curve corresponding to 3D AF 
ordering as in Fig. [T] was observed for the 0.22 /xm grain 
size sample (the data is not shown). In our opinion, this 
is simply because the surface magnetization dominated 
over the bulk one and the dynamic range of the magne- 
tometer was insufficient to reveal this feature. Indeed, 
the spike amplitude for the initial sample in the field of 
1000 Oe is ~ 10"'' emu/g while the magnetization of 
the sample with the grain size 0.22 /im in this field is 
2.4 • 10~^ emu/g. The spike thus should be ~ 4% of 
the signal, and taking into account that the sample mass 
was only 22 mg, this value could be difficult to detect. 



IV. DISCUSSION 

The first question we are going to discuss is whether 
the observed magnetization properties are intrinsic for 
La2Cu04. In our opinion, usage of high-purity initial 
components and solvents during the sample processing 
allows us to eliminate the possibility of chemical con- 



tamination of the sample. Another possible reason would 
be a formation of Cu(0H)2 compound at the surface of 
the grains exposed to the air, where the highly reac- 
tive broken bonds occur (as it was mentioned already, 
La2Cu04 itself is stable in air and water). Nevertheless, 
this compound isn't ferromagnetic, so its formation def- 
initely cannot explain our observations. Also, very simi- 
lar magnetic properties were found for CuOi^ and MnO^ 
nanoparticles that were synthesized in a totally different 
way than in our case. Another argument for an intrinsic 
origin of our magnetization is that qualitatively similar 
rather weak thermomagnetic irreversibility and hystere- 
sis loops were found even for high-quality single crystals 
of La2--xSr:rCu0 4^^'^^ , the possible connection of which 
to our data will be discussed later. 

Our results can be understood well in the following 
way. The observation of the hysteresis loops and irre- 
versibility even for the smallest particles of 0.22 fim in 
size in the whole temperature range 5 - 350 K unam- 
biguously shows that anisotropic ferromagnetic clusters 
are formed at the grain's surface. The fit of the nonlin- 
ear magnetization component with the Brillouin function 
with the total spin values independent on the grain size 
within 0.2 — 4 /xm range clearly manifests that the average 
magnetic cluster size is geometrically significantly smaller 
than the characteristic size of the particles. The fit with 
the Brillouin function should be nevertheless treated as 
formal, not revealing any physical quantities, but demon- 
strating the universal evolution of the M{H) dependen- 
cies with temperature. 

In order to explain the details of our observations let 
us consider the model describing the magnetization of an 
ensemble of single-domain anisotropic ferromagnetic par- 
ticles (Fig irTj) . We assume here that local field is equal 
to the external field, implying a low concentration of FM 
particles. The potential energy of such a particle in a 
magnetic field is a sum of the magnetic anisotropy energy 
and the energy of interaction of the particle's magnetic 
moment with the applied field: 

U ^ KV&w? e - n-YL, (2) 

where K is the magnetic anisotropy constant, V - the 
volume of the particle, /j, = MsV - the particle magnetic 
moment, Ms is the particle saturated magnetization, H 
is the applied magnetic field and 6 - the angle between 
the particle easy axis and its magnetic moment. There 
are two limiting and physically distinct cases: with the 
magnetic field applied along and perpendicular to its easy 
axis. 

In the case of H||n, where n is a unit vector describing 
the orientation of the particle easy axis fFigfTTl a), the 
energy of a particle is: 

U = KV sin^ e- fiH cos 9. (3) 

It can be rewritten introducing the effective anisotropy 
field Ha = 2K/Ms and dimensionless field h — H/Ha = 
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FIG. 11: The sketches used in the calculations of the ferro- 
magnetic particle energy for the cases of H||n (a) and H_Ln 
(b). 
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FIG. 12: Potential energy cross-sections U{9,(f>) for the case 
of H||n with = and different values of applied field h — 

H/Ha. 

HMs/2K as 

U = iiHa(^^~hcose^. (4) 

Similarly, for H±n fFigfTTl b), energy of a particle is 
described by the expression 

/ sin^ 9 \ 
U = fiHa ( — /i sin cos (pj. (5) 

Note that in both cases for the given values of macro- 
scopic parameters K and Ms the energy landscape am- 
plitude scales with a particle volume V with the product 
fiHa — KV serving as scaling factor, while its pattern 
is defined by the ratio h — H/Ha- The potential en- 
ergy patterns for these characteristic cases are shown in 
Figs[Il]and[T3 

In both cases two minima separated by the energy bar- 
rier are present, depending on h. For h = 1 only a single 
minimum remains. The principal difference is that with 
H_Ln energies in the minima are equal, while with H||n 
the minima are inequivalent. In the former case the sys- 
tem is in equilibrium with any applied field. In the latter 
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FIG. 13: Potential energy cross-sections U{9,(f>) for the case 
H_Ln with (j) — and different values of apphed field h = 

H/Ha. 



case the situation is different, and the relaxation towards 
equiUbrium is prevented by the small probability to over- 
come the barrier. 

Magnetization of the collection of identical particles for 
these two cases can be easily treated assuming fc^T <^ 
fj-Ha- So, for particles with n_LH magnetization takes 
place due to the shift of the energy minima towards the 
direction of the applied field, and can reasonably well be 
described as (see also Fig. (TH b) 



M±{H, T) 



for H < Ha, 
for H>Ha, 



(6) 



where 9Jt — M/Mq is a normalized magnetization and 
Mq = N ji is the total magnetic moment of the system. 
For particles with n| |H the equilibrium magnetization OJt 
within the same assumption can be approximated by: 



mu{H,T) = tanh h 



tanh 



(7) 



In general for the parallel field the system is only partly 
in equilibrium due to the presence of the energy barrier. 
The measured magnetization would be a product of equi- 
librium magnetization to the fraction of the system that 
is in equilibrium ri[H,T): 



m{H, T) = m{H, T) ■ r]{H, T). 



(8) 



This fraction may be easily estimated. The probability F 
to overcome the barrier is defined by Neel-Brown equa- 
tion 



Tf, ^ exp(-J7B/fcBr), 



(9) 



where r is the relaxation time and tq ~ 10"^*^ s is the so- 
called microscopic attempt time, Eb is the barrier height. 
The last is exactly equal to 



(10) 



1.0' 



0.8' 



0.2 

O.O' 
1.0 

0.8-1 

H 

;o.6 

0.4 



0.0 



1 1 1 1 1 1 1 










'i 




f ( 

/I 

/ 1 

/ ! 


- 


/' 

/ 

/' 


i 

1 

1 
1 

1 ■ ■ ■ 


a 




H 1 1 1 1 H 




















■ 




/ '/ 






1 ,'' 






i / 


- 




! J 






t J 






i / 
















i 


/ 




i 


/ 




i / 












/ 




b 









0.0 



0.5 



1.0 

h 



1.5 



2.0 



FIG. 14: The simulated magnetization curves for the particles 
with n||H (a) and n_LH (b). Short-dash and dashed lines 
correspond to the numerical and approximate M{H) curves 
for fixed Ha, while the dash-dot line is an average for particle 
collection with the distribution of Ha as described in the text 
(field h in this case is defined as h = H/Ha); solid line in 
panel (a) is an equilibrium magnetization described by Eq. [T] 



and for given characteristic measurement time r„ 
ri{H, T) is equal to 



ri{H,T) 



1 



'm Jo 



(11) 



If r <C Tm at any field, magnetization of such particle 
collection will be reversible, and this is the case of su- 
perparamagnetism. In the opposite case, the system is 
locked in energy minima until one is destroyed by applied 
field. Magnetization of a system then will be irreversible, 
and this is the case of ferromagnetism. 

The magnetization curves in the conditions of 
nHa/keT = 0.01, t„ 100 s^^ and tq = 10"^" s^^ 
with the easy axes parallel and perpendicular to the ap- 
plied field are shown in Fig |141 a and b, respectively. 

It is readily seen that 9Jl(iJ) curve for the particles 
with n||H in the limit of fc^T ^ iiHa can well be ap- 
proximated by the theta-function 



for h < he 

1 for h> he 



(12) 



where he is the applied magnetic field, at which t — t„ 
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As follows from Eqs.[9land[T0l 



hc = l- 



1 2kBT T„ 
In — 



To 



(13) 



To make our treatment more realistic we introduce the 
distribution of the anisotropy fields f{Ha) in the simplest 
flat form within the values to , leaving other pa- 
rameters (K, V, fj.) constant: 



1 



f{Ha) ={H+ - Ha 





for H- ^ Ha s; i^^ 



for Ha < H- and Ha > H+ . 

(14) 

From here on there is no sense in using dimensionless 
field h, so the real one H will be used. For the particles 
with n_LH the situation can be treated analytically: 



m^{H) 



^ _.ln^ 

Ha Ha 



H-H- +H\niH+/H) 



H+ - Ha 



1 



for H ^ H-, 

for H- <H< H+ 
for H^ H+. 



(15) 

At the initial stage the Tl±{H) curve is linear with an 
effective susceptibility defined by the distribution of Ha ■ 
With H > H~ , the fraction of the system saturates, and 
effective slope becomes dependent on H, until magnetiza- 
tion is totally saturated aX H ^ H^ . Note, that still for 
these particles magnetization process is totally reversible. 
The 9Jt_L [H) curve for this case with + and H~ defined 
by ^H+lksT = 100 and ^iH' /ksT = 300 is shown in 
Figdll 

For the particles with n||H the situation can well be 
approximated if we assume that for all the particles, sim- 
ilar to the situation described by Eq. 1121 the equilibrium 
magnetization is saturated at h > he, which is again 
valid for fc^T ^ fiHa- Thus, we have simply to average 
theta-function on the distribution f{Ha). The result is: 



9Jl||(i7) 



where 



'0^ 

H-H- 

Ha — Ha 
1 



H = 



iorH<H-, 

for H- <H< H+, 

for H^H+, 



(16) 



H 



KV TO 



(17) 



In this situation 9Jl||(iJ) curve reproduces the dynam- 
ics of energy barrier destruction by an applied magnetic 
field and thus the derivative d3yi\\/dH reflects the dis- 
tribution f{Ha) with the renormalized Ha scale. Note 
that in this case the magnetization is essentially irre- 
versible. We should note also that in the real system not 
only Ha values are distributed but also particle sizes V, 
magnetic moments /i and orientations. Field derivative 



dMirr/dH would reproduce the distribution of effective 
critical fields. 

Thus, in the limit of ksT -C fiHa the magnetization 
of both particles with n||H and n±H, only weakly de- 
pends on temperature due to small temperature depen- 
dent term in the denominator of Eq. [T71 This explains 
the minor variation of the field dependence of magneti- 
zation in a wide temperature range 20 — 350 K (Fig. [5]). 
Field renormalization described by Eq. [T7] explains well 
the gradual decrease of the remnant moment and coer- 
civity with the temperature increase (Fig. [5]). 

As far as the magnetization relaxation is concerned, it 
is clear that the remnant moment of the monodispersed 
and aligned particle collection would be exponential as 
the energy scale is well defined. But in a real system 
presence of the distribution of energy barriers, as it was 
shown in Ref. [26l . results in time-logarithmic decay. It 
reflects the situation where at any time of observation t, 
metastable states that are currently decaying, have the 
lifetime t k, t. This is exactly what we see in Fig. [TUl 

Turning to the experimental results, we should note 
'that our object, which is a collection of ferromagnetic 
clusters located at the surface of stoichiometric La2Cu04 
grains, is rather poorly defined both in terms of the clus- 
ter size distribution as well as the values of the constants 
Ms and K . This limits any quantitative characterization 
of our sample. Nevertheless some definite conclusions can 
be reached. Thus, 

(i) The fact that surface FM moment scales with the 
surface to volume ratio (oc \/{d)) even for the 
smallest {d) = 0.22 /zm grains (Fig. shows un- 
ambiguously that the size of the clusters in a radial 
direction is much smaller than {d) /2 « 100 nm, be- 
ing of the order of 10 nm or less. The observation 
of the universal magnetization dependencies for all 
the grain sizes shows that cluster size distribution 
is rather universal. Moreover, it probably indicates 
that the characteristic size of a cluster is much less 
than the grain size for all the samples within the 
series. Comparing the observed saturated magneti- 
zation of the samples with the calculated magneti- 
zation arising from a surface entirely covered with 
a single layer of Cu^+ spins, we find the former to 
be much smaller, meaning that the clusters are ei- 
ther morphologically island-like or possibly, cover 
the entire surface, but have a weakly-FM canted 
AF structure. In the latter case, due to the magne- 
tocrystalline anisotropy we still expect that there 
would be at least two domains on each grain, and 
the model which we have used is still applicable. 

(ii) The observation of a hysteresis loop at T = 350 
K, which is well above Tjv = 325 K for the bulk 
compound shows clearly that the observed surface 
magnetism is beyond the Neel hypothesis and is 
probably not due to uncompensated outer planes 
of the same sublattice usually observed in binary 
transition metal oxide antiferromagnet fine grains. 
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FIG. 15: Distribution of the effective critical fields obtained 
from the derivative of the irreversible term of magnetization 
curve at r = 200 K. 



(We consider it unlikely that T/v increases on the 
surface by 25 K and more in grain samples.) 

(iii) Assuming a homogeneous magnetization of the 
clusters, from the data shown in Figl5]we can con- 
clude that its saturated moment decreases al- 
most linearly with temperature in the range 20 — 
350 K. The observation of a flat ZFC M{T) curve 
is the result of peculiar compensation of a drop of 
Ms with T and the growing fraction of the system 
in equilibrium. 

(iv) The temperature-independent initial slope of the 
nonlinear magnetization component (Fig. [5]) is de- 
termined mainly by the energy barrier destruction 
dynamics with the applied magnetic field. This 
and the hysteresis loop only slightly depending on 
T in the range of 5 — 350 K show that most of 
the system is in the limit /c^T <C fJ-Ha- Extract- 
ing the irreversible part of magnetization Mirr{H) 
from a difference of a virgin M{H) curve (FigU]) 
and its reversible part revealed in a hysteresis loop 
(Figl9]), the distribution of the effective critical 
fields f{Hc.eff) can be estimated as f{Hc^eff) ~ 
dMirr/dH, as described above fFig fTS]) . Observa- 
tion of the time-logarithmic decay on the time scale 
of 10^ - 10^ s at T = 30 K (FigdO]) together with 
the hysteresis loops up to 350 K on the time scale of 
10^ s (Figini) allows us to estimate the energy bar- 
rier distribution to be within the range 0.05 — 1.2 
eV. 

Our observation of unusual surface magnetism of fine 
grains of bulk antiferromagnet material is not unique. As 
it has been mentioned earlier, similar results were found 
for nanoparticles of most of the antiferromagnetic tran- 
sition metal binary oxides. Spontaneous surface magne- 
tization was observed also in MnF2 single crystal22i2^. 
Close similarity can be found comparing our data to the 
results on CuO"'^^, although the authors of Ref. hadn't 



clearly assigned the ferromagnetic response of their sam- 
ples to the particles surface. It looks a bit puzzling 
that for La2Cu04 fine particles we didn't observe any 
exchange bias, like for CuO nanoparticles. This phe- 
nomenon takes place at the interface of FM and AF com- 
pounds and is usually revealed by the shift of the hystere- 
sis loop in field by some He value-^. One can suggest a 
number of possible reasons for this. The magnetic struc- 
ture of La2Cu04 is more complicated than in binary ox- 
ides: it is a 4-sublattice antiferromagnet with a strong 
anisotropy. The exchange couplings in the Cu02 plane 
are much stronger than the interplane ones. The in-plane 
AF correlations appear at much higher temperature than 
Tjv — 325 K, which is a transition to 3D antiferromag- 
netic state. In order the exchange bias to be observed one 
should cool down the sample in magnetic field through 
T/v, and it is a question which temperature should be 
defined as Tn in our case. Another, and in our opinion 
the simplest reason for the absence of the exchange bias 
can be the fact that our particles are of much greater 
size than that for CuO nanoparticles in Ref. [l^. Conse- 
quently, the volume of the AF core is much larger than 
the volume of FM shell, and thus the shell influence is 
not enough to stabilize the AF configuration of the core 
that will define after the field removal the unidirectional 
character of the magnetic anisotropy. 

The origin of ferromagnetic response of the antiferro- 
magnetic fine particles is a matter of current research. 
NeeP was the first who predicted such a phenomenon, 
but his hypothesis is not applicable in our case as it was 
shown above. Kodama et alii discussed strong coercivity 
and hysteresis loop shifts in NiO nanoparticles to arise 
from the formation of multisublattice spin configurations 
due to broken exchange bonds of the surface sites. An- 
other possible origin of a weak ferromagnetism at the 
AF grain surface is the occurrence of Dzyaloshinskii-type 
terms'^'5 of the form D • [Mi x M2] in the free energy of 
the surface layers; vector D is normal to the surface. Mi 
and M2 describe the magnetizations of AF sublattices. 
This kind of interaction arises due to the loss of inver- 
sion symmetry near the surface. Therefore, finite spin- 
orbit coupling would result in spin canting. However, 
La2Cu04 fine grains are probably not the best object to 
study these effects because of its relative complexity even 
in the bulkii^i. 

Our results seem to be of special importance because 
La2Cu04 is a parent compound for the high- Tc supercon- 
ductors. It is now commonly considered that oxygen and 
Sr(Ba)-doped La2Cu04 are strongly inhomogeneous sys- 
tems. These doped compounds together with their strong 
tendency to twin can in principle be treated as the hetero- 
geneous systems including the AF nearly-stoichiometric 
grains. In this sense such a system is similar to our sam- 
ples and thus the interface associated magnetism can be 
found. 

Indeed, we mention a number of experimental ob- 
servations that may be relevant to our results. Mag- 
netic irreversibilities were observed in the works by Kre- 
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mer et aL "'^ '^^i-'^ in phase-separated La2Cu04+j, and 
La2_a;Sr2.Cu04. Hysteresis loops with the coercivity val- 
ues comparable to that in Fig. [9l and thermomagnetic ir- 
reversibility were reported by Panagopoulos et ali^i^iiS^ 
for La2-a;Sra;Cu04 in a wide range of Sr concentrations 
in polycrystalline and single crystal samples. The pres- 
ence of local persistent and superparamagnetically fluc- 
tuating magnetic field was also observed by Chechersky 
et al4iii22 by Mossbauer spectroscopy in oxygenated and 
deoxygenated Nd2Cu04 and superconducting electron- 
doped Ndi.g5Ceo.i5Cu04 samples. The grain-boundary 
associated magnetism has been found by /iSR technique 
in the Ndi.85Ceo.i5Cu04 single crystal^!. 

According to Ref. [IS, in MnF2 the surface magnetic 
moment arises if the dielectric constant changes signifi- 
cantly at the media boundary, and it even changes the 
moment direction for the cases of the > Sout and 
£m < £out- So, one of the possible phenomenological rea- 
sons of the observed magnetic clusters formation may be 
simply a modulation of the dielectric constant due to in- 
homogeneities like the mobile hole segregation that takes 
place in cuprates. 

In conclusion, we have experimentally observed and 
characterized surface magnetic phenomena in stoichio- 
metric La2Cu04 fine grains. The surface gives rise to 
an excess magnetization with respect to bulk material, 
showing both ferromagnetic and paramagnetic terms in 
the M{H), both of which scale with the grain surface 



area. The paramagnetic term most probably arises from 
the surface Cu^+ defects reported earlier~. For the fer- 
romagnetic component, hysteresis loops and thermomag- 
netic irreversibility are observed in the temperature range 
5 — 350 K, with remnant moment and coercivity de- 
creasing gradually with T. The observations can be well 
understood by assuming the formation of ferromagnetic 
anisotropic single-domain clusters at the grain surface. 
The distribution of effective critical fields is estimated. 
The microscopic origin of the ferromagnetic component is 
tentatively attributed to symmetry-breaking at the sam- 
ple surface, but the detailed origin is unclear at present. 
The spontaneous appearance of ferromagnetic islands on 
the surface of La2Cu04 might be useful in nanoscale de- 
vices for spin-polarizing the electron current in multilayer 
spin valves. The advantage is that antiferromagnetic ox- 
ides are much more common than the ferromagnetic ma- 
terials currently in use. 
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